ARPA  ORDER  NO.:  189-1 


00 

Q 

HI 


R-1017-ARPA/PR 
May  1972 


Measuring  Technological  Change: 
Aircraft  Turbine  Engines 


A  Report  prepared  for 


ADVANCED  RESEARCH  PROJECTS  AGENCY 

AND 

UNITED  STATES  AIR  FORCE  PROJECT  RAND 


d  by 


NATIONAL  TFCHNICAL 
INFORMATION  SERVICE 

VA 


SAN)  A  MONK  A  (  A  'HWOb 


This  research  is  supported  by  the  Advanced  Research  Projects  Agency 
under  Contract  No.  DAHC15  67  C  0141  and  by  the  United  States  Air 
Force  under  Project  Rand  -  Contract  No.  F44620~67-C-0045  -  mon¬ 
itored  by  the  Directorate  of  Operational  Requirements  and  Develop¬ 
ment,  Hq.  USAF.  Views  or  conclusions  contained  in  this  study  should 
not  be  interpreted  as  representing  the  official  opinion  or  policy  of 
Rand,  ARPA  or  of  the  United  States  Air  Force. 


DOCUMENT  CONTROL  DATA 


1  ORIGINATING  ACTIVITY 

2a.  REPORT  SECURITY  ClASSIflCATION 

UNCLASSIFIED 

The  Rand  Corporotion 

2b.  GROUP 

3.  REPORT  liflE 

ftEASURING  TFmPLOniCAL  QIAIPE:  AIRCPAPr  TTJPBINE  E^PiU'IES 

4.  AOTHOC($)  {loit  name,  first  nome.  iniliol) 

Alexander,  A.  J. ,  J.  R.  Nelson 

5.  REPORT  DATE 

June  1972 

6o.  TOTAI  NO.  Of  PAGES 

48 

6b.  NO.  Of  REfS. 

7.  contract  OR  GRANT  NO. 

DAHC15  67  C  0141/F44620-67-C-0045 

8.  ORIGINATOR'S  REPORT  NO. 

R-=1017-Aiy^/PR 

9o.  AVAIlABIllIY/llMlIAItON  NOTICES 

DDC-A 


9b.  SPONSORING  AGENCY  fXjfense  Advcuiced 

Rfssearch  Projects  AqencyAfriited 
fitates  Air  Force  Project  JWJD 


10.  ASSTRACl 


II.  KEY  WORDS 


^Estimates  turbine  engine  parameter  trade¬ 
offs  over  time,  using  multiple  regression 
analysis.  Moveraeni.  of  Luc  parameter  trade¬ 
off  curve  is  defined  as  technological 
advance.  The  data  base  includes  the  first 
model  of  a  given  turbine  engine  to  pass 
the  Model  Qualification  Test.  The  history 
of  turbine  engines  strongly  suggests  that 
single  parameter  analysis  cannot  capture 
the  richness  of  the  development  process. 

The  rate  of  technological  advance  seems 
fairly  constant  over  time.  However,  two 
major  manufacturers  have  been  ahead  of  the 
others  in  the  level  of  technology.  Turbo¬ 
props  did  exhibit  a  different  technology 
from  turbofans  and  turbojets.  In  9  out 
of  10  cases,  the  rate  of  increase  of 
technology  of  growth  versions  of  engines 
was  less  than  the  average  trend  of  tech¬ 
nology  for  new  engines,  indicating  that 
when  design  features  become  hardware, 
technology  growth  cannot  take  full  ad¬ 
vantage  of  new  techniques.  Comparison 
of  Soviet  and  American  equations  revealed 
an  early  Soviet  lead,  reversed  since  the 
19503. 


Engines 

Technology 

Sy.«; terns  Acquisition 

Research  and  Development 


i 


ARPA  ORDER  NO.:  189-1 


R-1017-ARPA/PR 
May  1972 


Measuring  lechnological  Change: 
Aircraft  Turbine  Engines 

Arthur  J.  Alexander  and  J.  R.  Nelson 


A  Report  prepared  for 

ADVANCED  RESEARCH  PROjECTS  AGENCY 

AND 

UNITED  STATES  AIR  FORCE  PROJECT  RAND 


SAM  A  \U)V(  A  t  V 


I 


APPROVED  FOR  PUBLIC  RELEASE,  OISERIBUTION  UNLIMITED 


Bibliographies  of  Selected  Rand  Publications 


Rand  maintains  a  number  of  s/XTial  subject  biblioftraphies  containinf’  abstracts  of 
Rand  publicatt'ms  in  fields  of  wide  current  interest.  The  following  bibliographies  are 
available  upon  request: 

Aerixlynamics  •  Arms  Control  •  China  *  Ciiiil  Defense 
Communication  Satellites*  Communication  Systems 
Computer  Simulation  •  Computitif’  Technology 
Decmbnmakinp  *  Game  Theory  •  Maintenance  •  Middle  East 
Policy  Sciences  •  Probability  *  Program  Biidpetiiif’ 

SIMSCRIPT  and  Its  Applications  •  Southeast  Asia 
Space  Technology  and  Planning  *  Statistics  *  Systems  Analysis 
USSR ^ East  Europe  *  Weapon  Systems  Acquisition 
Weather  Forecasting  and  Control 

To  obtain  copies  of  these  hihliopraphies.  and  to  receive  information  on  how  to  obtain 
copies  of  individual  publications,  write  to:  Publications  Department,  Rand,  PQO 
M:,tn  Street,  Santa  Monica.  Cat  forma  9''W6. 


F’ublishcd  by  Tiu*  Rtiiui  ('(»r(){)r.>tK)ti 


-Hi 


PREFACE 


Rand *3  seseardi  program  on  the  RSD  process  in  the  context  of  system 
acxjulsiclon  hea  extended  over  more  then  a  decade.  Recent  Rai»d  research 
indicates  that  improved  estimates  of  costs  and  schedules  might  be  ob¬ 
tainable  for  the  develonment  and  procurement  phases  of  the  system 
acquisition  cycle  if  techniques  were  available  to  assess  the  tech¬ 
nological  advance  being  sought-.  This  report  describes  the  develop- 
nient  and  testing  of  such  &  technique  using  the-  technology  of  aircraft 
turbine  engines  as  an  example.  Plans  for  continuing  research  provide 
for  expansion  of  the  turbine  engine  findings  to  relate  technology  to 
the  costs  associated  with  the  development,  production,  post-development, 
and  operational  phases  of  turbine  engines  and  other  products. 

The  measure  of  tecimological  ad-  ance  developed  in  this  study  is 
intended  to  capture  mainstream  trends.  It  is  not  able  to  identify  fine 
differences  among  turbine  engines  or  to  distinguish  small  differences 
in  contractor  proposals.  It  is  intended  to  provide  a  broader  under¬ 
standing  of  the  technological  advance  being  sought  in  an  engine  develop¬ 
ment  program  and  to  provide  information  for  use  in  making  decisions 
concerning  development  policy. 

Some  of  the  data  used  in  this  study  were  obtained  from  the  engine 
manufacturers  on  a  confidential  basis  and  from  other  restricted  sources. 
These  restrictions  reqoiie  that  the  results  be  presented  in  a  suitably 
aggregated  form  that  does  not  permit  identification  of  individual 
engine  parameters.  However,  much  of  the  data  are  available  in  standard 
sources  such  as  Jane’s  All  the  Pforld’s  Aircmft, 

Initial  efforts  Co  develop  an  objectively  obtained  assessment  of 
technical  advance  factors  f<^r  new  systems  and  subsystems  were  sponsored 
by  the  Advanced  Research  Projects  Agency  (.^A)  for  the  Director  of 
Defense  Research  ar.u  Engineering  (DDRAE) .  Further  and  more  specialized 
researcli  was  performed  under  Project  Rand  for  the  United  States  Air 
Force . 


SUMMARY 


Multiple  regresaion  ar.jilyais  la  used  to  estimate  a  multidimensional 
tradeoff  surface  of  the  parameters  characterizing  engine  technology  and 
to  trace  out  the  movement  of  the  tradeoff  surface  over  time.  The  equa¬ 
tion  with  the  best  statistical  properties  contained  parameters  thought 
to  be  important  in  turbine  engine  development  and  had  coefficients  con¬ 
sistent  with  a  priori  notions  of  tedmological  change.  This  equation 
is 


Tech  •=  -1187.5  +  156  In  Tea?.  +  18.8  In  ITirust  -  26.5  In 
(9.3)  (3.5)  (5.8) 

Weight  -  20.6  In  SFC  +  11,7  In  Q  +  13.0  Prop; 

(3.03)  (2,66)  (2.12) 

-  .903 

where  Tech  is  the  technology  index  'date  of  Model  Qualification  Test 

measured  in  quarters  of  a  year  from  fourth  quarter  of  1942) ,  Temp  is 

turbine  inlet  temperature  (degrees  Ranklne) ,  Thrust  is  military  sea 

level  static  thrust  (ib).  Weight  is  engine  weight  (lb),  SFC  is  specific 

fuel  consumption  at  military  sea  level  static  thnist  (ib/hr/lb),  Q  is 

2 

maximum  dynamic  pressure  (Ib/ft  ),  and  Prop  is  a  diaimjy  variable  equaling 
one  if  the  engine  is  a  turboshaft  or  turboprop  and  zero  otherwise.  Num¬ 
bers  in  parentheses  are  t  statistics  of  coefficients. 

The  data  base  induced  the  first  model  of  a  given  turbine  engine 
to  pass  Che  Model  Qualification  Test  required  of  all  American  production 
engine  types  of  the  past  30  years.  A  technological  rssumA  of  Amrican 
turbine  engine  experience  places  the  statistical  analysis  in  proper 
context.  Examination  of  the  history  of  turbine  engine  progress  sug¬ 
gests  very  strongly  thai.  single  parameter  armlysis  cannot  capture  the 
richness  of  the  ievelopaent  process. 

Th<.  data  were  divided  into  a  auicber  of  subsamples  covering  various 
time  periods  to  test  whether  the  shape  of  the  tradeoff  surface  changed 
over  time,  VJhen  divided  into  equal  halves,  the  subsaroples  were  Indls- 
tingulshabie.  Divided  by  thirds,  tbs  most  recent  period  showed  a  slight 
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increase  in  the  rate  of  technological  advance,  but  the  increase  was 
barely  significant  statistically.  Equations  of  the  two  major  manu¬ 
facturers  (General  Electric  and  Pratt  &  Whitney)  shewed  that  the  shape 
of  their  technological  tradeoff  surface  proved  no  different  from  that 
of  the  other  manufacturers  but  that  the  major  coiqianias  were  approxi¬ 
mately  two  years  ahead  of  the  others  in  the  level  of  technology. 
Turboprops  did  exhibit  a  different  techno Vtgy  from  turbofans  and  turbo¬ 
jets;  it  is  partly  for  this  reason  that  a  turboprop  dummy  variable  is 
Included  in  the  above  equation. 

In  nine  out  of  ten  cases,  the  rate  of  Incrfiase  of  technology  of 
growth  versions  of  engines  was  less  than  the  average  trend  of  tech¬ 
nology  for  new  engines.  This  result  indicates  that  when  design  features 
are  frozen  In  hardware,  technology  growth  cannot  take  full  advantage  of 
newly  developed  techniques. 

A  sample  of  Soviet  engines  was  analyzed  to  determine  whether  their 
technology  surface  and  growth  rates  differed  from  those  of  the  United 
States.  Comparison  of  the  Soviet  and  American  equations  revealed  an 
early  Sov'.et  lead  in  technology.  This  lead  was  overcome  sometime  in 
the  early  1950s,  and  since  then  American  technolog>»  has  moved  ahead. 
There  is  some  indication  of  a  weakening  in  this  divergent  trend  in 
recent  years. 

Plans  for  the  future  Include  the  estimation  of  a  technology  pro¬ 
duction  function  that  relates  development  expenditures  to  technology 
improvement  and  cost  reduction.  The  models  and  techniques  developed 
in  this  study  will  albo  be  applied  to  other  systems. 
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I .  INTRODUCTION 


We  must  att.'jnd  to  the  quantitative  aspect  of  a 
situation  or  probl^ua  and  make  a  basic  quantitative 
analysis. .. .To  this  day  many  of  our  comrades  still  do 
not  ixnderstand  that  they  must  attend  to  the  quantita¬ 
tive  etspect  of  things — the  basic  atutlstics,  the  main 
percentages  and  the  quantitative  limits  that  determine 
the  qualities  of  things.  They  have  no  "figures"  in 
their  heads  and  as  a  result  cannot  help  making  mistakes. 

Mao  Tse-tung^ 

In  a  recent  study,  Rand  examined  the  weapon  system  acquisition 

experience  of  the  1950s  and  1960s  and  compared  performance,  cost,  and 

schedule  predictions  with  the  actual  outcomes  of  major  programs  of  all 
2 

three  services.  Evidence  indicated  that  the  precision  of  cost  and 
schedule  estimates  made  at  the  beginning  of  a  development  program 
depended  in  part  on  the  extent  of  technical  advance  being  sought  in 
that  program. 

Initial  attempts  to  rank  technical  advance  were  qualitative  in 
nature,  being  based  on  the  opinions  of  individuals  who  had  experience 
in  various  aspects  of  the  systems  under  study.  This  qualitative  advance 
factor  (the  A  Factor)  was  then  related  to  schedule  slippage  and  cost 

3 

growth.  Some  method  of  providing  a  quantltctlve,  objective  assess¬ 
ment  of  the  technology  advan—  would  have  been  preferable.  The  question 
addressed  in  the  present  study  is:  Can  a  technique  be  developed  for 
objectively  quantifying  the  technological  state  of  the  art  of  a  particu¬ 
lar  type  of  system?  Such  a  technique  would  have  broad  implications  for 
improving  high-level  strategy  and  decisionmaking  ff'r  the  entire  develop¬ 
ment  and  procuismant  process  and  would  serve  as  an  important  input  in 
further  studies  on  the  R&D  process.  The  present  study  proposes  and 

^Quotations  from  Chairman  Mao  Tse-tung,  Foreign  Languages  Press, 
Peking,  1966,  pp.  111-112. 

^Perry  et  al,  (1969,  1971). 

^Harman  (1970). 


reports  tests  of  such  a  technique,  measuring  technological  change  In 
aircraft  turbine  engines.  Section  II  considers  the  basic  rationale 
and  the  analytical  method.  Section  III  discusses  aircraft  turbine 
engine  technology  trends  during  the  past  30  years  and  the  available 
hardware  data  base  used  in  this  study.  Section  IV  presents  the 
stotistical  results  of  -he  application  of  a  multiple  regression 
analysis  using  the  turbine  engine  data.  Finally,  In  Sectl  m  V, 

./Ians  for  future  work  in  this  area  are  discuss  )d. 
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II.  MEASURING  TECHNOLOGICAL  CHANGE 


Certain  phrases  are  often  heard  with  respect  to  technology:  a 
device  is  ahead  of  its  time;  a  field  is  technologically  stagnant;  a 
breakthrough  occurs;  the  goals  of  a  development  project  are  technologic- 
aJ.ly  ambitious.  The  measure  of  technological  change  proposed  in  this 
study  addresses  the  problem  of  quantifying  these  qualitative  statements 
in'  a  manner  that  attempts  to  satisfy  our  intuitive  understanding  of 
the  language  while  imposing  a  dlaclpline  on  subjective  evaluations. 

In  addition  to  being  intuitively  satisfying,  a  measure  of  techno¬ 
logical  change  ought  to  be  derived  in  the  context  of  a  model  or  theory 
of  the  R&D  process.  Since  we  have  no  general  theory  of  R&D  at  this 
point,  we  shall  support  the  analysis  by  fragments  of  a  theory  that 
will  liiter  be  confronted  by  independently  generated  data  on  aircraft 
turbine  engines. 

The  analysis  is  confined  to  the  development  process.  It  proceeds 
on  the  asstnnption  that  two  attributes  are  present  in  a  development 
project.  First,  the  object  or  device  under  development  can  be  ade¬ 
quately  characterized  by  a  limited  number  of  parameters.  The  develop¬ 
ment  process  acts  on  this  set  of  parameters  In  such  a  way  that  the 
value  of  the  set  is  increased.  The  increase  in  velue  of  the  parameter 
set  is  what  we  shall  call  technological  advance.  And  second,  historical 
continuity  prevails.  Continuity  exists  if  two  devices  that  appear  at 
different  times  can  be  characterized  by  the  same  set  of  parameters. 
Continuity  also  requires  tnat  subsequent  development  can  begin  where 
prior  development  ended.  That  is,  a  given  state  of  technology,  once 
achieved,  does  not  have  to  be  reachieved. ^ 

The  requirerents  that  projects  be  descrlbable  by  a  parameter  set 
and  that  continuity  exist  define  both  rhs  phenomena  to  which  the 
analysis  applies  and  the  class  that  <‘,xoluded.  Basic  research  and 
invention  are  excluded  from  our  purview;  co  the  basis  of  our  present 


"rois  requliement  can  be  relaxed  by  allowing  "forgetting"  to  take 
place  in  some  specified  way.  We  assume  here  that  the  rate  of  forgetting 
is  small  relatlxe  to  the  rate  of  learning. 
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knowledge,  the  output  of  such  activity  Is  unique,  unpredictable,  and 
unspeciflable. 

Tre  parameters  that  characterize  a  given  technology  can  be  divided 
into  two  subsets:  performance  parameters  give  the  device  value  to  the 
user  (thrust  or  weight,  for  example),  and  teciinlcal  parameters  make 
the  performance  parameters  possible  (turbine  inlet  temperature  or 
overall  pressure  ratio) .  These  two  subsets  are  not  Independent  and 
they  may  overlap  to  some  extent.  Specification  of  the  technical  para¬ 
meters  will  determine  the  level  of  performance  that  may  be  achieved 
and  vice  versa.  Because  of  the  dependent  relationship  between  the 
sets  of  parameters.  It  is  possible  to  focus  on  just  one  of  the  subsets. 

For  the  sake  of  illustration,  consider  two  dimensions  of  perform¬ 
ance:  the  technology  of  the  time  will  permit  some  minimum  weight  for 
a  given  level  o,f  thirust.  These  feasible  values  of  thrust  and  weight 
describe  a  tradeoff  curve  as  shown  In  Fig.  1,  The  curve  labeled  t^ 
represents  the  state  of  technology  during  the  first  time  period.  As 
technology  progresses,  the  curve  shifts  and  the  minimum  weight  falls 
for  an  engine  of  given  thrust.  Different  users  at  any  given  time  (say, 
tj^)  may  select  engines  that  emphasize  different  characteristics  and 
there  would  be  a  scatter  of  points  as  shown  by  A,  B,  and  C. 

Most  outcomes  of  the  development  process  represent  compromises 
among  many  interrelated  parameters,  and  any  analysis  that  relies  on 
only  one  or  two  parameters  (as  in  the  above  e}.ample)  would  have  serious 
limitations.  Figure  2  presents  the  trends  of  selected  parameters  that 
are  important  in  the  design  of  a  new  turbine  engine.  In  a  single 
variable  fashion,  these  parameters  show  certain  improvements  in  the 
state  of  the  art  of  turbine  engines  over  the  past  30  years.  The 
figure  illustrates  the  method  that  has  been  used  extensively  in  the 
past  by  others  to  assess  the  technology  of  a  new  engine  with  respect 
to  previous  engines  and  the  current  state  of  the  art.  A  particular 
variable  was  selected  and  compared  with  the  same  variable  in  previous 
engines.  For  instance,  shown  at  the  top  of  Fig.  2  is  pressure  ratio 


Some  characteristics  are  undesirable  —  weight,  for  example. 
Therefore,  reduction  in  the  level  of  such  characteristics  would  in¬ 
crease  the  value  of  the  device  to  the  user. 


Technical  Possibilities 
Surface:  Movement  ov 


Ac^mI  A^T  ttti  do^e 


Variable  Tedi 
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versut)  time.  The  time  trend  of  pressure  ratios  for  all  the  engines 
in  ovr  data  sample  are  represented  by  the  stral^t  line.  Howaver, 
engine  pressure  ratio  depends  on  the  application  of  the  engine,  and  in 
the  data  base  there  is  a  wide  dispersion  of  pressure  ratios.  A  some¬ 
what  more  complex  technique  is  used  by  one  of  the  engine  manufacturers, 
who  defines  an  "effectiveness  index"  as  the  logarithm  of  the  ratio  of 
thrust  to  weight  to  specific  fuel  consumption  (SFC)  (Fig.  2,  bottom), 

A  further  refinement  classifies  the  engines  into  various  types  (augmen¬ 
ted,  unaugmented,  turboprop,  and  so  on),  but  the  analysis  still  remains 
essentially  one  of  a  single  complex  parameter.  Some  understanding 
can  be  gained  of  how  an  engine  ranks  with  respect  to  other  engines 
for  this  complex  variable,  but  no  Independently  generated  measure  is 
obtained  for  tradeoffs  among  many  variables.  We  therefore  wish  to 
deal  with  a  multi-parameter  surface  as  a  measure  of  the  level  of  tech¬ 
nology.  If  the  shape  of  the  surface  does  not  change  over  time,  and  if 

its  movement  is  regular,^  both  the  surface  and  its  movement  can  be 

2 

estimated  by  multiple  regression.  We  define  this  movement  of  the 
tradeoff  surface  as  technological  change.  The  function  to  be  esti¬ 
mated  has  the  form: 


t  -  F(P 


1’ 


^n> 


where  t  is  the  point  in  time  that  a  particular  engine  first  appeared, 

3 

and  denotes  the  performance  parameters  of  the  engine.  Specifica¬ 
tion  of  the  functional  form  and  determination  of  the  coefficients  of 
the  equation  provide  a  measure  of  the  average  technological  trend  over 
time.  Inserting  the  parameter  values  of  a  given  engine  into  the  equa¬ 
tion  yields  the  predicted  date  of  appearance  of  that  engine  if  it 


oy  "regular"  we  mean  that  the  movement  of  the  curve  through  time 
is  describable  b/  a  smooth,  monotonlc  function, 

2 

Multiple  ragression  determines  the  curve  or  surface  that  best 
fits  a  sample  of  observations. 


\e  recognize  that  cost  is  an  important  parameter  to  both  the 
supplier  and  user  of  a  product.  At  this  point,  however,  we  shall  con¬ 
centrate  on  technology  and  defer  discussions  on  costs  to  the  final 
section. 
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followed  the  general  technological  trend.  An  engine  that  appeared 
earlier  than  predicted  would  be  "ahead  of  its  time."  A  "breakthrough" 
would  be  represented  by  a  sharp  shift  in  the  equation  at  some  point  in 
time.^ 

Both  scientific  and  institutional  reasons  support  the  assumptions 
of  regularity  in  technical  cliange.  The  underlying  scientific  and  tech¬ 
nical  relationships  are  slow  to  change.  New  relationships  are  dis¬ 
covered,  of  course,  but  rarely  is  an  entire  corpus  of  scientific  thought 
and  engineering  accomplishment  completely  displaced.  Discovery  is  mar¬ 
ginal  and  piecemeal.  But  even  if  a  major  scientific  breakthrough  shcuxd 
occur,  embodied  experience  and  organizational  structure  provide  a  con¬ 
servative  counterforce.  People  with  specialized  experience  will  solve 
problems  in  proved  ways;  they  will  recast  new  problems  to  look  like  old 
problems,  and  they  will  modify  old  solutions  to  fit  new  conditions. 

One  feature  of  the  analytical  technique  also  favors  the  assumption 
of  continuity.  By  emphasizing  performance  rather  than  technical  para¬ 
meters,  we  give  greater  weight  to  outputs  than  to  Inputs.  In  many 
cases,  the  user  does  not  care  how  a  product  is  produced,  so  long  as 
it  has  value  in  use.  Breakthroughs  affecting  the  technical  parameters 
may  not  be  reflected  as  such  in  the  set  of  performance  paras»ters. 

This  is  especially  true  if  a  new  technology  becomes  more  efficient 
over  time  and  if  there  are  diminishing  returns  to  the  old  technology. 

At  some  point,  the  new  technology  becomes  marginally  better  than  the 
old  and  is  used  subsequently.  However,  analysis  of  the  output  parameters 
would  show  a  smoothness  over  time  despite  the  Incorporation  of  the  new 
technology. 

Much  of  the  process  described  above  can  be  reformulated  as  a 
simple  model  of  the  development  process.  The  model  described  below 
is  Intended  to  aid  Intexrpretation  of  the  discussion.  It  serves  to 
organize  perceptions  rather  than  to  yield  testable  predictions. 

^>e  function  describing  the  movement  of  the  tradeoff  curve  would 
show  a  discontinuity.  Whether  there  are  such  jumps  can  be  determined 
statistically. 
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We  assume  that,  at  a  given  point  in  time,  the  technology  can  be 
described  by  a  sot  of  k  implicit  technical  relationships  among  n  per¬ 
formance  parameters  (P)  and  m  technical  parameters  (T).^ 


^1  ^^1*  *•'»  ^n’  ^1*  •••’  V  '  ° 


(1) 


These  technical  relatlonchlps  include  standard  engineering  equations, 
scientific  "laws,"  empirical  observations,  and  other  constraints  cn 
the  values  of  parameters.  Ihe  difference  between  the  total  number  of 
variables  and  the  number  of  equations  determines  the  dimensionality  of 
the  tradeoff  surface.  For  example,  if  k  •  m  +  1,  the  system  can  be 
"solved"  in  the  following  Interesting  way: 


and 


■  •'1  (fi . V 


T  "h  (P,,,..,P) 
m  ml’  ’  n 


(2) 


0  -  F  (Pj,  ....  P^) 


(3) 


Equation  (3)  represents  the  tradeoff  surface  among  the  performance 

parameters.  Choosing  the  values  of  the  Vh  determines  the  required 
2 

values  of  the  Ts.  If  the  user  of  the  technology'  has  a  utility 
function  (U)  with  the  performance  parameters  ar,  arguments,  he  can 
maximize  U 


U  (?^,  P^)  subject  to  F 


Pj^)  -  0. 


■^The  designation  of  what  is  a  performance  parameter  and  what  is  a 
technical  parameter  may  be  rather  arbitrary.  Basically,  performance 
parameters  are  arguments  in  a  user's  utility  function. 

2 

Of  course,  any  k  variables  can  be  solved  for  explicitly  in  terms 
of  the  remaining  (m  +  n  -  k)  variables  if  the  appropriate  conditions  for 
the  existence  of  a  solution  are  satisfied.  In  real  situations,  however, 
it  is  improbable  that  this  symmetry  exists. 
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If  k  ia  greater  than  r,  the  dinensivwality  of  the  tradeoff  sur- 
f«ce  is  reduced,  md  if  k  is  equal  to  a  <•  n  the  ourface  is  reduced  to 
one  feasible  point.  In  actual  engineering  practice  it  is  likely  that 
k  is  scseawhat  greater  than  m.  This  means  that  only  a  subset  of  the 
perfomance  parasjetesrs  will  appear  on  the  tradeoff  surface. 

Technological  <^ang&  is  introduced  by  adding  a  time  variable,  t, 
to  th®  technological  constraint  £q.  (1).  Equations  (2)  and  (3)  will 
then  include  the  time  variables  also. 


Ti  “  h^  (P^,  ...»  t)  (2*) 

h(t)  «  F  (P^,  ...,  (3  ) 

1 

Th®  aquation  that  is  estimated  empirically  in  Section  IV  is  (3  ). 

Hie  function  h(t)  Incorporates  the  aaeumpfcion  af  regularity  discussed 
ffi&we. 


In  order  to  be  assured  that  Eq.  (3*)  can  be  written  as  an  ex¬ 
plicit  function  of  t,  it  is  sufficient  that  t  enter  into  the  constraints 
In  a  certain  way?  either  f.  (P,,  ...,  P  ;  T-,  ...,  T  )  g. (t>  -  0  or 

A  n  X  M  X 

(Pj^,  P^;  T^)  “  constant. 


III.  TURBINE  ENGINE  TECHNOLOGY  AND  DATA  BASE 


He  selected  Anerlcen  aircraft  turbine  engines  as  the  Initial  sub¬ 
ject  for  testing  the  technique  of  measuring  technological  change  for 
three  reasons:  (1)  qualitatively,  a  strong  technological  trend  vas 
evident  over  a  30-year  period,  (2)  an  adequate  data  base  was  availa¬ 
ble  for  analysis,  ai:d  (3)  turbine  engines  are  Important  products  in¬ 
corporating  billions  of  dollars  of  development  and  procurenent  resources. 

Hie  design,  development,  and  production  of  U.S.  aircraft  turbine 
engines  can  be  said  to  have  started  In  earnest  with  the  Introduction  of 
the  British-designed  Whittle  engine  at  the  General  Electric  Company  In 
Lynn,  Massachusetts  In  September  1941.  From  that  modest  beginning,  the 
turbine  engine  has  advanced  to  complete  domination  of  the  entire  mili¬ 
tary  and  commercial  aircraft  powerplant  market.  It  Is  also  making  Inroads 
In  ground  and  water  transportation  and  commercial  power  generation. 

Table  1  categorizes  turbine  engine  technology  trends  since  1940 
and  indicates  the  companies  involved.  A  qualitatiw  assessment  of 
advancing  technology  Is  Indicated  ./  such  Improvements  as  replacing 
centrifugal  compressors  with  axial  flow  compressors,  the  transition 
from  uncooled  to  cooled  turbines,  the  advance  from  slngle-deslgn-polnt 
engines  to  multi-design-point  engines,  the  replacement  of  ali'mlnum 
and  conventional  steel  by  titanium  and  superalloys,  the  Increase  in 
aircraft  speed  from  subsonic  ranges  through  Mach  3,  and  the  progres¬ 
sion  of  engine  type  from  turbojet  to  turboprop  to  turbofan. 

Table  2  lists  the  engines  considered  in  this  study  and  their 
manufacturers.  The  data  points  from  the  early  1940s  to  the  late  19608 
comprise  47  different  turbojet,  turboprop/turboshaft,  and  turbofan 
engines.  All  are  primary  engine  data  points  in  the  sense  that  we  use 
each  engine  only  once  In  the  data.  If  the  engine  appeared  in  several 
versions,  for  ex.tmple,  with  and  without  afterburner,  we  include  only 
the  first  engine  model  to  pass  a  Model  Qualification  Test  (MQT)  in  the 
data  base.  However,  ten  growth  engines  used  in  a  separate  post- 
development  analysis  are  also  listed.  These  engines  incorporate  thrust 
or  horsepower  gi Twth  on  the  order  of  30  to  50  percent. 
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GeneraL  Electric  early  made  a  number  of  changes  to  tt  •  original 
Whittle  design,  which  utilized  a  single  centrlfugal-staijC  compressor, 
to  create  the  1-A  turbojet  that  first  flew  on  October  2,  1942  in  a 
Ball  P-59A.  During  the  period  (1941-1942)  that  GE  started  work  for 
the  Army  Air  Corps,  the  Navy  began  working  with  Wastinghouse  to  b\illd 
a  different  kind  of  turbojet  using  a  multistage,  axial-flow  compres¬ 
sor.  That  engine,  which  later  became  the  J30,  was  the  first  Navy 
engine  to  be  produced  in  quantity. 

Both  companies  had  previous  experience  in  the  design  and  manu¬ 
facture  of  large  steam  turbines  and  GE  was  domd-nant  in  the  design, 
development,  and  taanufacture  of  superchargers  for  aircraft  recipro¬ 
cating  engines.  At  the  time,  the  principal  manufacturers  of  aircraft 
reciprocating  engines  were  Curtiss-Wright  and  Pratt  &  Whitney.  Neither 
of  these  companies  was  asked  by  the  military  to  undertake  turbine 
engine  development,  presum/ibly  becauae  the  military  did  not  want  to 
interfere  with  essentip)  war  production. 

The  military  dead  re  more  powerful  engines  quickly  led  GE 
from  the  1-A  to  the  Jil  to  ths  '33  (all  centrifugal- flow  engines), 
each  having  increasingly  higher  thrust,  while  Westinghouse  went  from 
the  J30  and  J32  to  the  .134  axial  flow  turbojet.  The  J33  and  J34  were 
the  first  Anetican  aircraft  turbine  engines  to  be  produced  in  large 
quantities.  . 

GE  also  began  the  development  of  axial-flow  compressors  with 
the  T?.l  turboprop  (which  was  never  successful)  and  the  J35  turbojet 
engine.  The  axial-flow  compressor  permitted  a  much  smaller  diameter 
engine,  and  thus  lest  frontal  area,  than  the  centrifugal  compressor 
design  for  comparable  pressure  ratio  and  thrust  —  a  highly  desirable 
feature  for  engin'.ts  installed  in  high-speed  Jet  fighter  aircraft. 
Although  the  axial-flow  compressor  was  at  that  time  inferior  in  fuel 
consumption  and  weight,  it  offered  potentially  higher  compressor  pxes- 
sure  ratios  through  the  addition  of  compressor  stages  and  thus  promised 
ultimately  greater  fuel  economy  in  a  more  compact  envelope  than  the 
centrifugal  compressor.  One  stage  of  a  centrifugal  compressor 
appeared  to  have  a  pressure  ratio  limit  of  4:1  or  5:1,  and  it  was 
not  then  considered  feasible  to  stack  centrifugal  stages.  Development 
eaqthasis  i.4pidly  shifted  to  engines  using  axial- flow  compressors. 
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The  development  of  the  original  turboprop  engine,  th»!  T31,  en¬ 
countered  considerably  more  difficulty  than  expected »  A  sellable 
gear  box  and  propeller  combination  was  slow  to  emerge,  ib’is  the 
turbojet  tended  to  doolnate  operational  applications  In  the  aarly 
1940s.  The  primary  use  was  for  single-deslgn-polnt  missions  for 
subsonic  fighter  aircraft. 

Toward  the  end  of  World  War  II,  Allison  took  over  production  and 
further  development  of  the  J33  and  335  frtai  GE.  Genferal  Electric  con¬ 
centrated  on  a  growth  version  of  the  J35  (later  the  J47) .  Pratt  & 
Whitney  began  turUne  engine  development  and  production  by  buying 
licenses  to  produce  versions  of  two  Rolls-Royce  centrifugal- flow 
turbojets  (the  J42  and  J48).  But  P&W  felt  the  need  to  overcome  the 
technological  lead  built  by  GE  and  Westlnghouse;  and  while  pro¬ 
ducing  the  British  power  plants  under  license,  they  also  designed 
entirely  new  cn'^lnes,  one  of  which  was  tha  axial-flow,  dual-rotor 
prototype  of  the  J57.  The  du»l-rotor  compreosor,  Incorporating  con¬ 
centric  shafts,  each  currying  &  number  of  compressor  stages,  and  each 
revolving  at  different  speeds  (thus  improving  o cage-matching  charac¬ 
teristics  throughout  the  compressor),  was  a  novel  solution  to  the 
problern  achieving  higher  pressure  ratios. 

Curtiss-Wrlght  subsequently  entered  the  fle!ld  with  the  T35  design 
and  purchased  licenses  fox  the  production  of  the  British  Anastrong- 
Siddley  Sapphire,  later  the  J65.  TVo  other  companies  also  partici¬ 
pated,  Fairchild  with  a  drone  engine  dealgn  designated  J44,  and  Boeing 
with  a  small  turboprop,  the  T50,  (A  possible  reason  for  Boeing's 
entering  the  field  wm  to  learn  about  the  application  of  turbine 
engines  to  the  aircraft  Boeing  was  interested  in  building.) 

E’jring  the  late  19408,  Westlnghouse  began  to  work  on  engines  more 
advanced  Chan  the  J34,  eventually  developing  the  J40  and  J46,  while 
Curtlsa-Wri^t  attempted  to  develop  turboprop  variants  of  the  British 
engines  for  which  they  had  secured  licenses,  thus  starting  the  T4T  and 
T49  progrecxs.  The  two  taost  successful  engines  of  those  that  entered 
development  late  in  tha  19408  wore  the  J47  (GE)  and  tno  J57  (P&W), 

Thf.  dual-rotor  of  the  J57  allowed  a  compressor  pressure  ratio  In  ex¬ 
cess  of  10:1,  resulting  In  a  lower  specific  fuel  consumption  than  had 
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yet  been  achieved.  Pratt  &  Whitney  also  began  work  on  the  turboprops, 
principally  the  T34.  General  Electric  began  development  of  an  advanced 
version  of  the  J47,  later  designated  the  J73.  Allison,  apart  from  pro¬ 
ceeding  toward  an  Improved  version  of  the  J35  (later  designated  J71} , 
also  attempted  turboprop  designs,  notably  the  T38  and  T40.  From  that 
experience  came  the  very  successful  T56.  In  those  early  days  of  engine 
development,  new  engines  were  essentially  larger  versions,  Incorporating 
up- rated  technology,  of  engines  already  in  production.  Most  new  engine 
programs  started  from  a  base  of  development  money  added  to  a  production 
engine  contract. 

The  turbojet  still  dominated  the  late  1940s.  Because  higher  thrust 
was  the  primary  performance  requirement  of  the  era,  augmentation  was 
Introduced,  first  by  the  injection  of  water  and  alcohol  into  combustors, 
latex  through  afterburning.  Additional  multistaging  of  the  axial-flow 
compressor  allowed  higher  pressure  ratios,  again  reducing  specific  fuel 
consumption.  Many  designs  of  tlie  period  moved  to  production  status 
because  of  the  demands  Imposed  by  the  Korean  War  and  the  challenge  of 
surprisingly  good  Russian  engines. 

In  the  early  1950s  the  roster  of  active  companies  included  Allison, 
Continental  (which  started  with  a  French  license  for  the  Marbore  engine 
that  later  became  the  J69) ,  Fairchild,  Lycoming  (which  began  developing 
the  T53  and  T55) ,  GE,  P&W,  and  Westlnghouse.  Westinghouse  had  considera¬ 
ble  difficulty  with  the  Navy  J40  engine  program,  and  toward  the  latter 
part  of  Che  decade  discontinued  aircraft  development  and  production  — 
tlie  first  major  firm  to  do  so. 

The  early  19508  saw  the  beginning  of  engines  designed  to  sustain 
flight  at  speeds  through  Madi  2.  The  GE  J79  Incorporated  an  axial- 
flow  compressor  with  variable  stators  \dilch  allowed  high-press  tire 
ratios  to  be  obtained  with  *  single  multistage  rotor  end  whl-h  was 
an  alternative  solution  to  the  problem  of  obtaining  hlgh-preesure- 
ratlo  compressors.  (P&W's  solution  was  the  dual  rotor.)  The  axial- 
flow  turbojet  continued  to  dominate  fighter,  bomber,  and  unmanned 
vehicle  applications;  turboprop  and  turbr-inaft  applications  were 
limited  to  helicopters  and  transports.  Relatively  moderate  uncooled 
turbine  temperatures  still  were  customary,  although  materials  had 
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Improved  enough  since  the  previous  decade  to  allow  an  Increase  of  as 
much  as  200*(F)  In  compressor  and  un.’ooled  turbine  temperatures. 

Thrust- to-welght  ratios  Improved  from  values  of  about  2:1  in  the  early 
1940d  to  around  4:1  in  the  early  19508.  Considerable  effort  went  into 
improving  the  life  and  reliability  of  engines. 

The  late  1950a  saw  the  advent  of  the  air-cooled  turbine,  allowing 
turbine  inlet  temperatures  in  excess  of  2000*(F),  and  substantially 
aiding  the  development  of  engines  designed  for  Mach  3  f.llght  —  the  P&W 
J58  and  the  GE  J93.  The  turbofan  appeared,  providing  a  new  t'chnique 
for  increasing  engine  efficiency  in  subsonic  flight.  The  TF33  was  the 
first.  Several  small  engines  with  high  thrust-to-weight  ratios  ware 
developed  for  unmanned  applications  and  smaller  aircraft. 

Like  Westlnghouse .  Fairchild  (after  losing  the  J83  competition  to 
GE's  J85) ,  and  Boeing  (never  seriously  in  the  field)  essentially  dropped 
out  of  the  turbine  engine  business  leaving  Allison,  Continental,  Curtiss- 
Wright,  Lycoming,  GE,  and  P&W.  Cotaaercial  aircraft  powered  by  turbo¬ 
jet  engines  began  to  enter  service  during  the  late  1950s,  the  most 
notable  being  the  JT3  derivative  of  the  P&W  J57.  The  turbofan  was 
rapidly  becoming  the  most  favored  engine  for  flight  speeds  of  Mach 
2.0  and  less.  Turboahaft  engines  (for  the  helicopter  and  smzdl  trans¬ 
port  applications)  and  turbojets  for  specialized  applications  (Mach  3 
or  more)  or  for  smaller  aircraft  and  drones  were  the  principal  competi¬ 
tors.  Titanium  began  to  replace  aluminum  for  use  in  the  cooler  parte 
of  an  engine,  superalloys  being  developed  for  the  hot  sections.  Design 
and  m»  nufacturlng  techniques  for  producing  cooled  turbine  stator  and 
rotor  parts  received  increasing  attention.  The  transonic  compressor 
began  to  shw  its  potential. 

Substantial  improvements  in  materials  and  cooled  turbine  techno¬ 
logy  made  it  possible  by  the’  early  1960s  to  obtain  turbojet  thnist-to- 
weight  ratios  in  excess  of  6:1,  appreciably  better  than  the  A:1  of  the 
1950s  and  the  2:1  of  the  early  19408.  Design  practices  were  intro¬ 
duced  to  take  advantage  of  the  improved  structural  and  heat  properties 
of  new  materials.  Pressure  ratios  of  15:1  or  20:1  were  achieved.  The 
use  of  turbofan  engines  permitted  specification  of  multl-deslgn-point 
missions  involving  wide  ranges  of  flight  spoeds.  Of  engine  programs 
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begun  in  th«  early  19608,  the  TP30  was  the  only  military  engine  built 
in  eubstantlnl  numbers  (and  it  actually  started  dev;^lopaent  in  the 
late  19508).  The  P&W  JT3D  and  JT80  turbofans  were  the  most  success¬ 
ful  coaamrcijil  engines. 

During  the  early  19608  there  was  continued  emphasis  on  the  develop¬ 
ment  of  new  materials  and  on  improvements  ■  in  component  performance  ar.d 
design.  Exploratory  and  advanced  development  programs  and  demonstrator 
engines  began  to  receive  more  ern basis.  Curtlao-Wrlght  essentially 
discontinued  engine  development  and  a  new  company,  Garre tt-AiSesearch 
(which  had  considerable  experience  as  a  designer  of  auxiliary  po^ver 
units  for  aircraft),  moved  into  the  market,  specializing  in  small  turbo¬ 
prop  and  furbofan  engines.  The  only  company  to  enter  the  field  since 
the  early  1950s,  Garrett  had  experience  analogous  to  GE’s  pre-1940 
experience  in  superchargers.  But  unlike  GE,  Garrett  was  attempting 
to  enter  a  highly  competitive  market. 

The  high-bypass  turbofan  that  appeared  late  in  the  1960s  was  nade 
possible  by  improvements  in  materials  and  components  earlier  in  the 
decade.  The  TF39  high-bypass  turbofan  used  in  military  transports  and 
the  commercial  JT9D  and  CF6  permitted  flight  performance  advances  as 
large  as  those  arising  in  the  transition  from  the  turbojet  to  the 
turbofan  a  decade  earlier.  Pressure  ratios  in  excess  of  20:1  and 
turbine  Inlet  temperatures  in  excess  of  2000'(F)  became  operational 
realities  in  commercial  os  well  as  military  applications.  Bypass 
ratios  exceeded  5:1  for  several  engines.  Garrett  introduced  a  three- 
spool  rotor  (as  did  Rolls  Royce  in  the  RB-211).  Composite  materials, 
ised  sparingly  at  first  in  the  new  engines,  promised  substantial  weight 
reduction  over  the  next  decade.  Increasingly,  engine-airframe  compati¬ 
bility  problems  demanded  more  attention  than  at  any  earlier  time. 

As  the  1970s  began,  three  large  companies  (Allison,  GE,  and  P&W), 
and  three  small  companies  (Continental,  Garrett,  and  Lycoming)  remained 
in  the  turbine  engine  field.  All  six  were  active  in  both  the  commercial 
and  military  markets.  But  stationary  electrical  power  and  maritime 
applications  were  also  becoming  Important  markets  for  turbine  engine 
manufacturers. 

The  design  goals  of  engines  slated  to  be  produced  in  the  early 
19708  were  higher  thrust-to-welght  ratios,  higher  cycle  efficiency 
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(through  improved  component  performance),  and  higher  turbine  inlet 
temperatures  (through  reliance  on  advanced  materials  and  advanced 
turbine-cooling  technology).  Generally,  it  seems  very  probable  that 
the  well  established  trend  toward  constantly  advancing  technology 
and  constantly  increasing  engine  performance  will  continue  through¬ 
out  the  19708. 
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IV.  STATISTICAL  RESULTS 


We  performed  a  statistical  analysis  of  the  data  sample  on  turbine 
engines  with  several  objectives  in  mind.  Our  primary  objective  was  to 
determine  the  shape  and  movement  of  the  tradeoff  surface  of  performance 
parameters  (as  described  in  Section  II).  We  made  statistical  tests  of 
the  assumptions  that  the  shape  of  the  surface  did  not  change  over  tltae 
and  chat  movement  was  regular.  In  addition,  we  wanted  to  determine  how 
pest- development  rates  of  technological  change  differ  from  the  average 
rate  of  new  developments,  and  whether  there  is  a  difference  between  the 
technologies  of  different  companies  or  countries. 

Linear,  semi- logarithm,  and  full  logarithm  forms  were  tested,  as 
well  as  quadratics  and  polynomials.  Often,  we  examined  several  altar- 
native  measures  of  the  same  basic  variable.  Finally,  we  looked  at 
several  different  combinations  of  variables,  each  corresponding  to  a 
particular  version  of  the  basic  hypothesis.  All  of  these  equations 
were  estimated  from  the  same  data  base  to  see  which  yielded  the  most 
satisfactory  results. 

Table  3  shows  a  representative  summary  of  the  results.  The  first 
equation  is  the  one  that  satisfied  the  criterion  of  reasonableness  and 
produced  the  highest  degree  of  statistical  correlation.^  We  shall  dis¬ 
cuss  that  equation  after  an  examination  of  the  more  Important  alternatives. 

Of  the  fimctlonal  forms  tested,  the  semi-logarithm  form  was  clearly 
superior.  Equation  (2)  in  Table  3  is  the  best  of  the  alternative  forms 
examined;  It  fitted  the  data  much  less  well  than  Equation  (1). 

Several  opportunities  were  present  for  using  alternative  measures 
of  a  particular  parameter.  For  example,  thrust  may  be  measured  at  its 
maximum  value  at  sea  level,  maximum  value  at  altitude,  cruise  value, 
or  with  afterburner.  Statistical  results  were  very  much  stronger  when 
the  variables  were  chosen  at  the  maximum  (non-afterburning),  sea  level, 

^Continuous  data  revision  and  updating  will  alter  the  values  of 
the  coefficients  in  the  equations.  On  the  basis  of  a  similar  process 
chat  took  place  while  the  research  was  being  done,  we  expect  such  re¬ 
visions  to  ue  quite  minor  and  not  to  effect  the  qualitative  conclusions. 
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statlc  condition,  as  reflected  in  Eq.  (1).  For  comparison,  Eq.  (3) 
shows  the  results  obtained  when  the  variables  are  measured  at  the 
cruise  condition. 

The  choice  of  a  dependent  variable  presented  a  problem.  We  had 
to  know  the  date  that  a  particular  level  of  teclmology  has  been  achieved. 
Three  milestones  are  availabie  for  most  of  the  Jet  engines.  The  date 
of  first  flight  marks  the  time  that  the  engine  Is  actually  operated  in 
an  aircraft.  The  Preliminary  Flight  Rating  Test  (PFRT)  Is  usually  a 
50-hour  endurance  test  leading  toward  fully  rated  flight  testing  of  a 
nev;  engine.  The  Model  Qualification  Test  (MQT)  ,  normally  a  150-hour 
endurance  test,  must  be  passed  before  installation  In  production  air¬ 
craft  for  operational  use.  Use  of  first  flight  date  (Eq.  (4))  resulted 
In  a  statistical  fit  almost  as  good  as  In  the  best  equation.  However, 
since  first  flight  and  subsequent  flight  testing  often  was  made  with  a 
relatively  unproved  engine  at  an  early  stage  of  final  development,  we 
decided  to  use  the  date  of  MQT  as  best  representing  the  point  in  time 
that  a  level  of  technology  was  demonstrably  available  for  production.^ 

We  attempted  to  estimate  separate  tradeoff  surfaces  for  the  tech¬ 
nical  purameters  as  well  as  for  the  performance  parameters.  The  esti¬ 
mation  of  a  technical  parame.ter  surface  was  not  wholly  successful  (Eq. 
(6)).  A  partial  explanation  may  be  that  the  parameters  that  are  availa¬ 
ble  ':o  characterize  the  input  technology  are  not  detailed  enough  to  do 
the  job.  The  parameters  were  airflow,  turbine  inlet  temperature,  pres¬ 
sure  ratio,  bypass  ratio,  compressor  stages,  and  physical  dimensions. 
Insufficient  information  was  available  to  test  the  influence  of  many 
other  technical  parameters  that  might  be  of  interest  (component  effi¬ 
ciencies,  stage  loadings,  and  so  on).  The  use  of  mly  performance 
parameters  (Eq.  (5))  produced  still  poorer  results. 

The  equation  actually  chosen  as  best  representing  the  trend  of 
the  technological  tradeoff  surface  is  similar  to  a  pure  performance 

^Several  data  points  are  for  engines  that  did  not  pass  the  150-hour 
Model  Qualification  Test,  either  because  they  were  being  utilized  in 
non-manned  appllc  tions  (in  which  the  MQT  is  not  a  full  150-hour  test), 
or  because  they  had  not  passed  the  test  when  the  development  program 
was  canceled.  In  these  ctuies,  the  date  of  the  downgraded  MQT  or  date 
.)f  cancellation  ns  u.'fed. 
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eqoatlon,  except  that  turbine  inlet  teaperature  —  a  technical  param¬ 
eter  ~  appeare  ss  an  liapoTtmt  variable.  One  obvious  explanation 
for  the  statistical  pcaier  of  turbine  inlet  temperature,  even  after  Che 
major  performance  parameters  have  been  Included  in  the  equation,  Is 
that  since  temperature  plays  a  dominant  role  In  the  thermodynamics  of 
engines,  a  major  development  goal  has  been  ever  higher  temperatures. 
These  higher  temperatxires  have  been  one  of  the  dhief  sources  of  improved 
performance  as  measured  by  the  major  performance  parameters.  But  in 
addition  to  the  major  parameters,  many  less  Important  engine  charac¬ 
teristics  have  been  left  out  of  the  equation.  Turbine  inlet  tempera¬ 
ture  may  be  a  proxy  for  these  parameters.  In  this  case  we  considered 
temperature  as  a  technical  budget  from  witlch  expenditures  are  made. 

The  major  expenditures  are  accounted  for  by  the  major  parameters,  but 
they  do  not  exhaust  the  budget.  The  residual  explanatory  effect  of 
temperature  measures  its  contribution  to  the  excluded  variables.  In 
addition,  the  advanced  materials  and  production  techniques  used  to 
achieve  high  temperatures  were  also  available  for  secondary  uses 
throughout  the  engine. 

The  equation  bast  representing  the  tradeoff  surface  (Eq.  (1)) 
Includes  variables  that;  one  would  tacpect  to  be  Important,  with  the 
parameter  coefficients  havir.g  the  correct  signs  with  respect  to  tech¬ 
nological  advance.  Tlirust,  weight,  SFC,  and  dynamic  pressure  are 
the  performance  parameters.  Turbine  inlet  temperature,  as  discussed 
above.  Is  a  technical  parameter  that  may  be  acting  as  a  proxy  for 
excluded  performance  parameters.  Weight  and  SFC,  being  more  highly 
valued  as  they  get  smaller,  have  negative  coefficients.  That  Is, 
holding  other  variables  constant,  SFC  and  weight  have  fallen  over 
time.  Thrust,  temperature,  and  dynamic  pressure  have  positive  coef¬ 
ficients  Indicating  growth  over  time,  os  one  might  expect.  A  dummy 
variable  is  also  Included  that  takes  on  the  value  of  0  if  the  engine 
is  a  pure  jet  or  a  turbofan,  and  1  If  it  is  a  turboprop.  This  dummy 
variable  automatically  incorporates  certain  adjustments  required  for 
differences  in  turboprops.  For  example,  the  power  of  turboprops  was 
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measured  In  horsepower  rather  than  In  pounds  of  thrust  and  the  dummy 
variable  will  reflect  this  difference.^ 

A  graphical  representation  of  the  technological  trend  equation  is 

plotted  In  Fig.  3.  On  the  vertical  axis  Is  plotted  the  calculated 
2 

date  of  appearance  (date  of  HQT)  of  an  engine  of  specified  charac¬ 
teristics.  This  date,  which  may  be  thought  of  as  an  Index  of  tech¬ 
nology,  Is  determined  by  inserting  the  engine's  parameters  into  Eq. 

1.  The  horizontal  axis  represents  the  actual  date  the  engine's  tech¬ 
nology  was  demonstrated.  The  45“  line  is  therefore  defined  as  the 
average  trend  or  expected  date  of  technology  over  the  period.  Points 
plotted  above  the  45“  line  represent  engines  "ahead  of  their  time": 
that  is,  their  parameters,  taken  as  a  whole,  appeared  earlier  than 
predicted  by  the  equation.  Likewise,  points  below  the  line  are  "late" 
or  "conservative"  developments.  The  average  deviation  from  the  line 
(the  standard  error  of  the  equation)  is  9,6  quarters.  Tills  means 
that  approximately  two-thirds  of  the  observations  could  be  expected 
to  fall  within  plus  and  mlr’:r'  9.6  quarterr  of  the  45“  line.  This 
rather  wide  spread  of  almost  five  years  around  the  trend  line  illus¬ 
trates  one  of  the  problems  of  interpreting  the  results.  There  is  a 
broad  range  of  deviations  bectwuse  of  random  disturbances.  The  equation 
therefore  cannot  be  used  for  making  fine  distinctions,  but  if  certain 
points  or  trends  deviate  sharply  from  the  average,  we  should  be  able 
to  distinguish  them  from  the  ambient  noise. 

In  ai,  attempt  to  determine  whether  the  equation  changed  signifi¬ 
cantly  over  time,  we  split  the  sample  into  subsamples  covering  various 
time  periods.  Dividing  the  sample  into  equal  halves  yielded  the  sur¬ 
prising  result  that  there  was  little  statistically  discernible  difference 


If  the  conversion  factors  between  the  parameters  of  turboprops 
and  turbojets  are  multiplicative  (for  example,  if  thrust  »  k  •  horse¬ 
power)  ,  then  the  dummy  variable  in  the  logarithmic  equation  inccmorates 
all  of  these  conversion  factors.  However,  unless  one  knows  all  of  these 
conversion  factors  from  Independent  sources,  it  is  not  possible  to  say 
whether  the  dunmy  vai'lable  measures  the  conversion  factors  or  a  dif¬ 
ference  in  the  timing  of  the  technology. 

2 

The  dates  on  both  axes  are  measured  in  quarters  of  a  year  begin¬ 
ning  wltli  zero  as  the  third  quarter  of  1942, 

3 

The  standard  error  is  actually  the  square  root  of  the  averaj-e 
squared  deviation. 
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becwean  the  technology  trends  for  earlier  and  later  engines.^  (See 
Table  4  for  statistical  tests  of  differences  in  subsamples.)  W.ien 
we  divided  the  sample  into  thirds,  we  found  wealc  evidence  for  somewhat 
more  rapid  technological  advance  in  the  latest  period.  This  result 
can  also  be  shown  in  a  plot  of  the  residuals  of  the  technology  equation 
versus  time.  The  plot  is  U-shaped  with  positive  residuals  predomina¬ 
ting  in  the  first  and  last  thirds,  and  negative  residuals  in  the  middle 
third.  A  final  test  of  possible  curvature  of  the  points  about  the  45* 

2 

line  was  made  by  raising  the  dependent  variable  to  a  power.  Highest  R 

2 

was  obtained  when  an  exponent  of  1.8  was  used,  but  the  increase  in  R 

was  so  small  as  to  be  insignificant.  Interpretation  of  these  results 

as  signifying  an  acceleration  in  technology  should  be  made  with  caution. 

First,  the  statistics  are  very  weak.  Second,  the  interpretation  must 

be  made  with  respect  to  a  specific  equation  that  has  been  defined  as 

best  representing  the  average  technological  trend.  For  example,  rede- 

1  8 

fining  the  dependent  variable  to  be  MQT  *  would  eliminate  the  apparent 
acceleration.  Since  we  have  no  independent  information  as  to  the  "cor¬ 
rect"  functional  form  of  the  technology  equation,  almost  any  monotonic 
transformation  (which  preserves  ordering)  is  acceptable. 

We  selected  other  subsamples  by  engine  type.  Pure  turbojets  and 
turbofans  were  statistically  indistinguishable  from  one  another  in 
terms  of  the  equation,  whereas  turboprops  did  differ.  It  is  partly 
for  this  reason  that  the  dummy  variable  for  turboprops  is  included  in 
the  equation.  A  division  by  major  manufacturer  (GE  and  P&W)  in  one 
subsample  and  the  other  manufacturers  in  a  second  subsample  showed 
that  the  technological  tradeoff  surface  was  similar  for  the  two  sub¬ 
samples  but  that  the  major  companies  were  approximately  two  years 

2 

ahead  of  the  others  in  the  level  of  technology. 

^The  Chow  test  for  significance  was  used.  See  Chow  (1960), 

2 

When  we  examined  the  deviations  froia  the  trend  line  for  each 
engine,  we  found  that  GE  had  a  positive  average  deviation  (technolo¬ 
gically  progressive),  PGW  had  a  Hero  average  deviation,  and  the  other 
companies'  deviations  were  negative.  These  findings  correspond  to  the 
industry's  evaluation*  ot  the  different  companies  during  the  period 
under  review. 
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Table  4 

TESTS  OF  DIFFERENCES  BETWEEN  EQUATIONS  OF  VARIOUS  SUBSAMPLES 


Subsample  I 

Subsample  II 

F 

Statist-.c 

Degrees 

of 

Freedom 

Significance 

(percent) 

First  half  of 
time  period 

Second  half  of 
time  period 

i.76 

7/33 

10-20 

First  two  thirds 
of  time  period 

Last  third  of 
time  period 

2.80 

7/33 

-^2.5 

Turbojerc^ 

Remaining  sample 

2.21 

6/35 

5-10 

Turbojets 

Turbofans 

.79 

6/23 

>25 

Turbojets 

Turboprop 

1.79 

6/25 

10-20 

Turbofans 

Remaining  sample 

1.55 

6/35 

20-25 

Turbofans^ 

Turboprops 

1.41 

6/10 

>25 

Turboprops'’ 

Remaining  sample 

3.06 

6/35 

1-2*5 

Turboprops 

Remaining  sample 

1.85 

7/35 

MO 

GE  and  P&W 

Remaining  sample 

1.03 

7/33 

>25 

U.S. 

USSR 

3.92 

7/61 

.1-.5 

^rc  lity  that  two  subsamples  are  randomly  drawn  from  the  same 
parent  po,  . nation  —  that  is,  tliat  they  possess  similar  characteristics. 
Hie  lower  the  probability,  the  more  cleverly  distinct  the  subsamples. 

^These  equations  did  not  Include  the  dummy  variable  for  turboprops. 
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The  development  of  engines  beyond  the  I-K}!  is  often  more  costly 
than  the  entire  development  program  up  to  the  MQT.  We  therefore  per¬ 
formed  an  analysis  on  10  growth  engines.  We  expected  that  since  the 
design  or  a  growth  version  of  an  engine  has  many  of  its  features  frozen 
in  hardware,  the  technology  would  grow  at  a  slower  rati  than  demon¬ 
strated  by  new  engines.  This  expectation  was  strongly  borne  out,  as 
shown  in  Fig.  4,  where  post- MQT  technological  growth  is  plotted  for 
the  10  engines.  The  left-hand  point  of  each  pair  of  points  represents 
the  technology  at  MQT.  The  right-hand  poliit  is  a  measure  of  technology 
of  a  later  model  of  the  engine.  The  connecting  line  Indicates  the  rate 
of  growth  of  technology  for  each  engine.  Nine  out  of  the  10  engines 
showed  growth  curves  of  less  than  45®.  The  one  exception  represented 
a  major,  troublesome,  and  costly  rede''ign. 


Technology  Index 
(colcglofcd  quarfer) 


Ouofter 


\ 


Fig. 4  —  Post- Development^  Technology  Growth 
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The  technology  equation,  as  dla cussed  earlier,  can  be  interpreted 
in  two  ways.  First,  it  shows  how  a  tradeoff  surface  of  engine  charac¬ 
teristics  has  advanced  over  time.  And  second,  it  defines  an  index  of 
the  level  of  technology,  which  enables  one  to  make  an  ordinal  comparison 
of  the  technological  level  of  two  engines,  as  was  done  above  in  the  com¬ 
parisons  of  the  growth  versions  of  engines  with  their  first  MQT  models. 
One  can  compare  the  technology  levels  of  engines  of  different  countries 
using  the  same  technique.  However,  two  countries  with  very  different 
histories  of  industrial  and  technological  development  may  exhibit  quite 
different  patterns  of  technological  progress.  In  such  a  case,  an  index 
of  technology  based  on  the  experience  of  one  country  may  rank  two  engines 
differently  from  a  similar  index  developed  according  to  the  experience 
of  another  country.  This  possibility  of  ambiguous  or  conflicting  resultJ 
has  been  called  "the  index  number  problem"  In  economics.  We  wanted  to 
compare  the  technological  level  of  American  engines  with  engines  of  the 
Soxrlet  Union.  To  investigate  the  seriousness  of  the  index  number  problem 
for  such  a  comparison,  we  estimated  a  technology  equation  from  available 
Soviet  data  consisting  of  28  engines: 

Tech  “  -2061  +  273  In  Temp  +  33.6  \n  Thrust  -  A6.01  In  Weight 
(5.0)  (1.5)  (2.3) 

-  19.9  In  SFC  +  11.9  Zn  Q  +  31.0  Prop 
(.9)  (1.02)  (1.6) 

"  .79 
SE  =  1A.8 

The  results  of  comparing  the  engines  according  to  indexes  based  on  each 
country's  equation  Indicate  o  general  consistency  in  the  rankings.  In 
Fig.  5a  we  plot  the  technology  index  obtained  by  placing  the  charac¬ 
teristics  of  the  Soviet  engines  in  the  U.S.  equation.  A  simple  least- 
squares  regression  line  is  drawn  through  these  points,  Tlje  same  tech¬ 
nique  was  followed  in  Fig.  5b  with  the  U.S.  engines  indexed  according 

^A  plot  of  the  U.S.  engines'  characteristics  in  the  same  U.S. 
equation  yields  the  scatter  around  the  45  degree  line  shov'n  in  Fig. 

3;  only  the  45  degree  line  is  shown  here. 
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to  the  Soviet  equation.^  Both  plots  indicate  an  early  Soviet  lead  that 
disappeared  In  the  early  1950s.  Since  that  time  the  gap  between  the  two 
technologies  appears  to  have  widened.  It  must  be  emphasized  that  these 
results  are  accompanied  by  considerable  statistical  uncertainty.  Al¬ 
though  general  trends  seer,  to  be  discernible  over  the  long  run,  precls’i 
short-term  predictions  are  clearly  not  warranted. 

Why  might  these  trends  differ?  The  same  engine  parameters  appeared 
in  the  Soviet  technology  equation  as  in  the  U.S,  equation,  and  they  were 
changing  in  the  same  direction  over  time.  The  major  statistically  sig¬ 
nificant  difference  between  the  Soviet  and  cue  U.S.  equations  Is  In  the 
value  of  the  coefficients  for  turbine  Inlet  temperature,  Implying,  not 
implausibly,  that  U.S.  and  Soviet  designers  were  emphasizing  different 
aspects  of  technology.  The  Soviets  seem  to  have  been  concentrating  more 
on  the  front  of  the  engine.  Increasing  thrust-per-pound  of  air  .flow  and 
putting  into  production  a  transonic  compressor  before  the  United  States, 
whereas  the  United  States  moved  toward  the  back  of  the  engine  witl>  high 
turbine  inlet  temperatures  and  the  requisite  advanced  metallurgy. 

The  apparent  difference  between  the  technologies  of  the  United 

States  and  the  Soviet  Union  Is  also  probably  due  In  part  to  differences 

in  military  requirements.  Furthermore,  the  growth  of  technology  Is, 

to  some  degree,  dependent  on  the  resources  devoted  to  R&D.  Since  both 

military  requirements  and  R&D  investments  are  outputs  of  a  more  general 

decisionmaking  process,  they  are  subject  to  change.  Any  extrapolations 

of  the  lines  of  Fig.  5  must  take  these  things  into  account,  especially 

since  the  analysis  on  which  the  lines  are  based  is  derived  from  a  linear 

2 

model,  which  ioes  not  allow  for  slope  changes  over  time. 

^The  45  degree  line  In  this  case  represents  the  best  line  drawn 
through  the  Soviet  data. 

2 

When  quadratic  functions  were  fit  to  .he  points  in  Fig.  5,  they 
could  not  be  distinguished  either  visually  or  statistically  from  the 
linear  functions  that  are  shown. 
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V.  EXTENSIONS  AND  APPLICATIONS 


The  analysis  of  technological  change  has  proceeded  thus  far  with 
no  mention  of  costs.  The  focus  has  been  on  pure  technology,  even 
though  it  is  clear  that  a  full  treatment  of  technological  change  must 
recognize  the  intimate  connection  between  technology  and  costs.  In 
this  section  we  extend  the  model  of  technological  change  Introduced 
in  Section  II  and  relate  future  empirical  investigations  to  the  ex¬ 
tended  model, 

We  first  define  a  technological  production  function.  Production 
functions  relate  the  outputs  of  an  activity  to  the  Inputs.  In  this 
case,  the  output  is  technology  and  production  costs,  and  the  inputs 
are  the  resources  or  costs  of  development.  This  function  can  be  writ¬ 
ten  as : 


D  -  F(T,S) 

where  D  is  the  cost  of  development,  T  is  the  level  of  technology,  and 
S  is  a  shift  factor  that  operates  on  the  average  cost  curve.  The 
function  is  valid  for  only  one  time  period.  As  knowledge  accumulates 
and  development  takes  place,  the  surface  of  feasible  alternatives 
shifts  out  over  time.  We  assume  that  there  is  some  separability  in 
the  allocation  of  development  resources ;  that  is ,  a  given  input  can 
be  directed  in  varying  proportions  toward  increasing  technology  or 
decreasing  costs.  The  level  of  technology  (T)  is  an  index  number 
given  to  a  performance  tradeoff  surface  as  described  in  Section  II. 

There  is  a  question  as  to  whether  the  individual  parameters  should 
enter  into  the  technology  production  function  or  whether  a  summary 
figure  such  as  T  is  sufficient.  If  the  composition  of  technology 
affects  development  costs,  the  individual  parameters  should  appear 
explicitly.  This  is  an  empirical  question;  for  analytical  convenience 
we  shall  treat  technology  as  a  scalar. 

The  technological  production  function  provides  only  part  of  the 
information  required  to  determine  the  amount  and  alJocation  of  develop¬ 
ment  rctjources.  The  net  benefits  derived  from  development  must  be  known 


In  order  to  determine  an  appropriate  development  strategy.  We  can 
make  the  discussion  more  concrete  by  specifying  demand  and  cost  func¬ 
tions  for  the  product,  and  by  specifying  the  Incentives  and  Institu¬ 
tional  matrix  tnider  which  the  developer  operates.  Demand  for  the 
product  caii  be  written  as  p  «  f(Q,T)  where  p  ts  price  per  unit  and  Q 
Is  quantity.  Price  would  be  expected  to  fall  with  Increased  quantity 
and  rise  with  higher  levels  of  technology.  The  average  cost  function 
Is  C  ■  C(Q,S,T)  where  C  Is  average  cost  per  mlt.  We  thus  have  a 
simple  three  equation  model. 

D  -  F(T,S) 

P  -  f(Q,T) 

C  -  C(Q,S,T) 

A  description  of  the  behavior  of  the  decisionmaker  depends  on  the 
particular  case;  consider  first  a  profit-maximizing  monopolist  selling 
the  product  in  a  market  described  by  the  demand  equation.  He  must 
determine  the  optimum  R&D  budget,  the  allocation  of  that  budget,  and 
the  quantity  he  should  produce.  Profits,  or  net  returns  (R) ,  can  be 
written  as : 

R-pQ-0Q-D=  Qf(Q,T,)  -  QC(Q,S,T)  -  F(T,S) ; 

net  returns  are  maximized  by  maximizing  the  value  of  this  equation. 

We  re-emphasize  that  the  analyst  must  know  the  institutional 
setting  of  the  developer  as  well  as  his  goals  to  perform  the  analysis. 
If  the  institutional  setting  were  changed,  one  would  observe  different 
outcomes.  For  example,  consider  another  producer  who  develops  a  pro¬ 
duct  for  his  own  use]  the  output  is  not  for  sale  on  an  open  market, 
but  rather  the  single  organization  develops,  produces,  and  consumes 
It.  If  only  the  Institutional  setting  is  changed,  the  gross  benefits 
to  the  developer  can  be  found  by  integrating  under  the  demand  curve. ^ 
In  this  case,  the  net  returns  equation  becomes 

^In  economic  terms,  integrating  the  demand  curve  yields  the  sum 
of  benefits  over  each  unit  of  consumption. 
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fQ 

R  -  /  f(Q,T)dQ  -  QCCQ.S.T)  -  F(T,S) . 

All  variables  will,  in  general,  have  different  optimal  values  in  this 
case  than  in  the  first  case. 

Often,  a  development  organization  —  a  business  firm,  government 
agency,  military  service  —  will  have  a  number  of  variables  specified 
in  advance  by  other  organizations.  Using  an  Air  Force  example,  we  can 
list  a  number  of  likely  constraints:  the  number  of  squadrons  of  an 
aircraft  type  set  by  the  political  leadership;  the  development  budget 
authorized  by  Congress;  the  total  development  plus  procurement  budget 
established  by  the  Defense  Department;  the  level  of  technology  required 
by  the  user.  Each  combination  of  constraints  yields  an  outcome  that 
in  general  is  unique.  Coupling  the  constraints  with  the  organizational 
incentives  produces  a  rich  mix  of  possible  results.  It  is  therefore 
not  surprising  that  one  finds  in  fact  a  wide  variety  of  development 
styles.  Patterns  of  aircraft  R&D  In  the  United  States,  Europe,  and 
the  Soviet  Union  are  strikingly  different.  Even  within  the  United 
States,  one  notes  great  dissimilarities  among  the  military,  air  line, 
and  utility  markets.  The  model  described  above  should  permit  a  fuller 
understanding  of  such  differences. 

The  movement  of  the  technological  production  function  over  time 
depends  on  past  development  decisions.  An  emphasis  on  either  tech¬ 
nology  advancement  or  cost  reduction  wi3.1  tend  to  persist  because  the 
individuals  and  organizations,  having  become  experienced  at  and  accus¬ 
tomed  to  solving  one  class  of  problems,  will  find  it  easier  to  continue 
solving  the  same  problems.  Thus  we  find  that  military  products  incor¬ 
porate  ever  higher  levels  of  technology,  not  only  because  military 
preferences  lie  in  that  direction  but  also  because  the  R&D  organiza¬ 
tions  are  set  up  to  turn  out  that  kind  of  product.  It  would  be  costly, 
at  least  in  the  short  run,  to  alter  the  existing  resource^  and 
organizations. 

Additional  research  and  empirical  validation  are  needed  to  work 
out  the  details  and  Implications  of  the  models  sketched  out  above. 

Data  are  being  collected  on  turbine  engine  development  and  production 
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costs.  With  these  data,  it  will  be  possible  to  estimate  the  tech¬ 
nological  production  function.  Development  and  production  cost  equa¬ 
tions  would  be  the  output  of  this  analysis.  Other  research  will  in¬ 
vestigate  the  underlying  mechanisms  that  shift  the  technological 
production  function.  In  this  respect,  we  plan  to  examine  the  use  in 
the  19608  of  demonstrators  and  engine  prototypes. 

The  models  of  technology  described  here  are  quite  general.  They 
are  not  Intended  to  be  applicable  to  turbine  engines  only.  We  are 
analyzing  other  products,  including  aircraft,  to  help  determine  their 
range  of  applicability.  For  example,  objectively  determined  technolo¬ 
gical  advance  factors  (A  factors)  have  been  substituted  for  qualitative 
A  factors  in  estimating  cost  and  schedule  relationships  in  development 
projects.^  The  post-development  phase  of  product  improvement  is  also 
being  analyzed  with  the  aid  of  the  technology  concepts  developed  in 
this  report, 

The  concept  of  a  technological  production  function  embedded  in  an 
explicit  institutional  matrix  with  specified  goal-oriented  behavior 
should  provide  the  framework  for  a  broader  understanding  of  the  R&D 
process . 


\larman  (1972). 
^Shlshko  (1972). 
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